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1 • I NTROI)UCT I ON

Gun barre l erosion is a complex process involving high temperature

chemical and mechanical  i n t e r a c t i o n s  between b a r r e l , p r o p e l l en t  combus-

tion gas , and p r o j e c t i l e .  The in teri or s u r f a ce  of a t y p ica l  used gun

barrel has several layers t ha t  show the  e f f e c t s  of t em p e r a t u r e , mechanica l

stresses, and chemical attack. 1 In addition , part of the surface has

been removed by m e l t i n g ,  abras ion , or evapo ra t i on  and cannot he observed

directly.  The remain ing  surface l ayers  have been found to contain carbon ,

nitrogen , and oxygen in compounds w i t h  i ron.

Objective

The objec t ive  of the present  s tudy  is to understand the role of

transient chemical species in comhu~ t ion gases in the erosion of s t e e l .

Such chemical interactions between propellant gases and the steel sur-

face can change the chemical  na tu r e  of the  s u r f a c e  or can lead to highe r
metal surface temperature  due to exothe rmic  r e act i ons .

Atomic Free Radica ls  in Prop~jient tas

Ahmad 1 has pointed out tha t  during it s  l i f e  a gun b a r r e l  is  exposed

to the propellant environment fo r  a t o t a l  of o n l y  about 10 t o  .~O sec .

The reactions of steel wi th  molecu lar  gases are not f a s t  enoug h to

account for  the extent  of r eac t ion  observed Oil gun b a r r e l s  a f t e r  such

short exposure. Therefore , it appears  t h a t  r e a c t i o n  of f r ee  r ad i ca l s

or other excited gaseous species with steel must play a major role in

incorporating interstitial elements into the steel from the  p rope l l an t

gas.

Equil ib ium ca lcu la t ions  of prope l l an t  gas composit ions show that

gaseous f ree  radicals  must be p resen t .  For example , c a l c u l a t i o n s  made

for  gun propel lent  IMR 4198 show tha t  h ydrogen atoms c o n s t i t u t e  a few

tenths of a percent  of the e q u i l i b r i u m  gas. Because the pressure  ins ide

1 
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a gun b ar r e I reach t l l O U S , I f lj  S 0 t .1 mosplie ri ’s , t he equ il l 1) r I urn hvd rogen

atom pressures exceed one atmosphere. ~ t her  I ret ’ r a d i o  . i i s  such as N

OH , 0 , e t c  • , have sma ller conceut  t a t  i oi ts  in t he  equ lii hr I tim c~as

The sur face of a hit ruing part i c 1 e o p rope 11 ant , however , is 1.1 r

f rom e q u i l i b r i u m .  ~l’he.’ cond i t  i otis t h er e  re p r o b a b l y  l ike those in a

flame , wile re the coucen t r.I t ions  o t ree rail I ca Is a t e  i i i  gli . in fact

the propagat  ion of the yet rap i~l che tn i ca  1 react ions that result in a

f lame occur by free rail ica I m e d ian i sins . The r et  ore  , In t h e  V Ic in i t  v of

the b u r n i n g  f ro n t  ot  a p t - ope l  laut part ic le t h e r e  must he Iargcr— t han—

e q u i l i b riu m  conctmnt  rat i otis o t .It  om i c I ree rad 1 c .t I s .  I’hese rad ic .ils

recomb inc as t hey d i  f t  use away f rom the 1 1 .tmne ; however • t ile rec omnh I n at  ion

of two a tomic  radicals r e q u i re s  the  in v o l v em en t  ot  a t h i r d  hod~’ t o  remove

the react ion heat . ~k’ .i l s t i r  f a c e s  are general lv good ca t a l  ~ ~ t s I o r

gaseous atom recomb m a t  ions , and t he re.ic t ions ot ga seous at  oms on metal

s u r f a c e s  have been studied ext ens i v e lv. However  • 111051 o t  t h e s e  s t u d i e s

have emphasized the react ion bet ween gaseous s u b s t a n c e s  • th at i s  • r,Id i cal

combina t ions , ra t  her  t h a n  t h e  ct  fec t s o I ra d I ea ls on t h e  met a I su r I ace

Free r ad i ca l s  are expec ted  t o  r eact  at m e t a l  s u r fac e s  in t w o  w ay s .

They can recomb inc t o  I orm s t a h l  e ~.iseous p r o d u c t  s. In  t h a t  case • t h e

m e t a l  su r t ace a c t s  as a ca t  .11 vs t t or  t he re comub it ~at io n .  The he ~t t  01

recombinat  ion is t ransi erred ma in lv to t he m e t a l  , causing a si gnific ant

t e m p e r a t u r e  I n c r e a s e .  ~ this is t h e  has is t or  t h e  a t o m i c  hvd rogen t o r c h

A l t e r n a t i v e ly ,  the t ret’ r ad i ~‘a is  ~‘an reac t  w i t  ii t h e  subs t r a t  e met a I and

penet rate into the hulk o I t he  m et  .tl . The e l e m e n t s  iii t hose  t ret’ t a d  ica is

all can form in t cr s t  i t  ia l  compounds and so m t  ions wit l~ m e t  a I s , and t h e

react ions would  form ~I su r t  ace I av e r  of m e t a l  w i t  ii a i t  ered pr o pe rt  ics

Reduc t ion of the  the rma l conduc t  iv i t  v o t t lie l ay er  by t h e  rea~- t ion  wou l~I

lead to inc  reased sur tac t ’  t emnpc r . t t  ut - cs and poss lb lv me i t  lug  • W e a r —

reduc ing add i t  ives in i g u t  he e x pe c t ed  t o  in! 1 uence the sur I ace r e a c t  ions

of t ree rad Icals. 1’hc .iddlt ives may 1~rov ide c a t  .m i v t  Ic  st i r t  , 1 ¼ d S  t or

recomb m a t  ion and so dec reast ’ the ’ c om~c cut  r a t  j O l t S  of  ra~i i ca is r e a ch i n g

the metal; or they may p o i son  act  i vt ’ s i t s  on j u t ’ met a 1 stir I aces  an d

-, —— .— _.~__ ,._,_._ _•~ Ls, s .~~s_~ .~.. —- . . — .---
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the  r e hv  t ~~~ tm j u t ’ t . tt  e o t re .101 l Oll ol  t lit ’ t ad  i ,~~~ s t li .i lead  to pt’ne• —

t ra t  ton I n t o  t h ie  I t i t ’ t .11

~‘It ’ t~hod_o I o~ y

mv t ’ s t u d  ted t i m e  i t  t c ot  s o t  .m t ~‘mn I c I i e ’e t a d  ica i s  on spec 1 incu s ot Al  Si

-~ I~ O s t e e l • a t vpc s i tn i 1_ i r t o gun b a r  r e ’ I sE ci’ I . St e e l  St r i p s . na I nt a m e d

.it .1 coil St an t  t crnpe ra t  n r c  in  1 ht ’ t aim ~-,c 01 -, ~hi ‘ t ~ ~IOII C • wer e  . i l l  t ’wcd t o

reac t w i t  ii h iv d  r o t~e ’n • nit roge mi • ~-a i b o im s ’nox i de ’ , . i t i t l  f li t’ t i t ami e t ha t  wer e

pa r t  ia liv d issoc i at ed by in I m owave d i scima i~~~e ’ . Par . i  l i e  1 cont  ro I ex p c r i  —

mt’nt s w i t  ii und I ~~~~ t a t  c~l gases  w ere  a I so p e r t  orm ~’d . by heat ing St r i ps

of s teel  in .i h e l l  urn at  m ’ sphm e re • we di ’ t e um l i m e d  how heat  t r cat  mcnt  .11 one

a f f e c t  i’d t he u~roPe r t  i e ’s ot  st  cc l  s p e c i m e n s .  St cc ’ I s  r i  at  e~i w i t  ii ch r omn i umn

and t i t  an t urn  t i t  ox i d~’ w e r e  ,ilso used t o St  udv t h e  be lt_u.’ i or 01 such coat  tu g s

in the presence 01 at om i c  I t O e ’ ra~l i ca I s .

A f t e r  t he  s te el  spec ITnt ’ t t S  we t’c exposed  t o  t ilt ’ re.ic t ly e  gases • t hey‘

~~~~ re .ma Iv  ~ed by v. i r i otis t e ch n i ques.  Sc ant i  I ug t’ 1 cot  ron ml  c t o s c  o~ ’\- Sl~~ t

was used to  ob serve s u r fa c e  m orp h o l o gy .  X — r a y  t 1uores ~’encc i i i  Sl~ t was

used to est I m a t e  t lie c l emen t  .11 comnpo s i t  ion of the spec immtt ’us in t hi’ 1— ~.in —

th ick  reg ion nea r the sur I a c e .  Auger  c i  e ’O t ron spe~’ t r o scopv tA FS , i t t

con ) one t ion w i t  ii argon iou— sputtering • was used to deL ct - nt Inc t iit’ corn—

posi t ion p rof  lie w i t  ii in t i m  is  i —~~n — t  h i c k  i a v c r  . A \‘ickers ni c roliarduess

t e s t  ct  wit  ii a .~O O—g load was used t o  m e a s u r e  changes In ha rdne ss  .11 t c r

v a r iou s  t rcat  ment  s . Opt i c . t l  met  . t i I  og raphv r evea  led t h e  m i t ’ t o s  t rut ’ t nrc

on the stir  f ac e  and In t l i t ’ i n t e r i o r  ot  t t it’ s p e c i men  a f t e r  t h e ’ s p ec i m e n

was tape r pol ished 15 ~
‘ 

• Ch emi ca l  .Th.I I ~‘ ses Intl I cat  cd him 1k cornpos i t  ion

changes.

- ~~~~~~~~~~~~~~~~~~



2 . i x i ’g i< 1 ~t i:x I Al. API ’ARArI S AN t )  PR OC E DUR F:

A mic  r ow a v e  d i  scu m r go i s  an is tab I i si ted and conven ien t  means to

genera te  a I m x  01 , mt  O i t t S  l i t  , t  st re.im 01 di  at t) mlI I c gas at suha tmosphe  r i o

pressure • The t cohn iq ime C an p r o d m i c e  St cad — St .it e cence?nt  ra t  i om t s  of

hydrogen , nit r i ’gt -tl , o r  ~xygemt ,~t ont s i n  t imi ’  r . t l i g t  o t  I~, _ o  10 of t h e

t o t a l  pressure  of tim e t e s p t ’c I i ye d i a t~~nt i c  gas at pressures near out ’ t or r

Atoms 01 these gases .t I t  h i g h l y  r eac t  I , ,mnd  I h e y  ar t ’ lost ,  r ap id  Iv

through rec omb m a t  ion , ho t  it in ( i i i ’ gas p hase  by t~’av 0 1 t hre .’e— hodv co i i i  —

s ions and on stir  I aces in p rot ’e sses t h a t .  i i t v  o l ye a t  leas t  one c it e m i sorbed

atom . Consequent  iv  , to eh t  a in a r e :m so u , th i~’ at e rn ie  t in .  inc idetat  on a

steel s u r f a c e  of j u t  cre s t  • t iti ’ st e e l  sp ec i t n e t i  mus t  be rd at  i vel  ~ c lost’
to the a tom source .

F igure  1 shows a s c l m e t n . m  t ic of t i t e  ap p a r at  us used in our e xp e r i m en t s .

The main chamber is  a sect ion of 10—cm—It) Py r e x  p ipe  w i t h  an j u t  c gr a i

f l ange  tha t  accommoda t i ’S a cap  w i t  it I i  vi’ 0 — r i n g — s e a l e d , 0 . 6 — c m — t u b e

f i t t i n g s .  These f i t t i n g s  pro a ’ ide  access  f o r  e l e c t r i c a l  f ee d t h r ou gh s

mechan ica l  s u p p o r t s  • and c i m t ’nt i c al  t i t ra n t s , d e p e n d i n g  on l iii’ needs of

the e x p e r i m e n t .  i’he chamber  is connec  t ed t h r o u g h  a 1 iqui  ii n i t  rogen I r ap

to a ~ —1 it e r — s e c  1 rnet’han 1cm 1 pump.  At one end of the  ehantbe r the  in ix t  nrc

of a tomic  and m o l ect i l  ar  gas e n t e r s  t h r o u g h ,t fused s i l i c a  t u b e  1.2  cm in

d i ame te r .  The s i l i c a  tube  passes  t h r ou g h  a m i c r o w a v e  c a v i ty  where  a

discharge is e x ci t e d  w i t h i n  t h t i ’ tube . The c av i  l v  is a lo r e sho r t e im ed

1/4—wave coaxial  ty pe , and i t s  c h a r a c te r i s t  ics  are  desc r ibed  h~’

Fehsenfeld et a l .  ‘ M i c r o w a v i ’ powe r at  24 50 MHz is s u p pl i e d  to the

cavity by a magnet ron  d r iven  f r o m  a r egu la ted  power s u p p ly ,  l’he dis-

charge region , located  a p p rox i n t a t e ly  10 cut u p s t r e a m  f ront t h e  out let  of

the  qua r t z  tube , is the  atom son r oe .  Gas e n t e r s  t h e  svs tent t h rough  a

needle valve at the i n l e t  of the qu a r t z  t ube .  The s te a dy  s t a te  pressure

in the chamber Is m o n i t o r e d  by a V a t  idvne p r e s su re  t r an sdu cer , c a l i b r a t e d

against a Wal lace  and 1’ i e rnan  aneroid  d i a l  gauge .

4
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~‘a i t i e s  o l  ( h i t ’  i ‘,. ‘ttmt ’ ltta t ( e ’ti • ‘ I  I i. iomm ,~ ~ and (lit’ i ,‘ , , ‘ m t m t . i i t a t  I on  s ’ l m , ’ i  ‘ V

~tc ’O. ’i i t I t ls ~ t i I (  i t ’ l l  e ’l I I .  l~ ’ m i , v j t  i i i ’. o l’i ’t ’it i i i  l i m i t  i ’ , I ” I , ‘i t i r t h i  . ‘g ~ ’i i  at

I e’t ’ t ’i mthm t t t h t i g  tSl  I i i i i i ~t . I  t~ i i .  h l e ~i i , t ~ , I h I t ’ . it  • ‘ mim I l i m x  i i i  i ’ , i i i  t t i . i t  ,‘,l I i  , ‘ i t m  ( l i t ’
iitt’iisutcd itt ’,it  I np t i t  i~ 1 . ’ a t isn - .l I ’ll I I I . tnmei t i  . l i i  ‘i i i ox  t I I l s ’ i i  I • I l i t ’
l ie . i (  1111) 111 ts ’ , I t t  on 1 i t m . i l  o.l I i o h m  I lii ’ .‘ t I I. a I . i i i  I o m i t  • h i a m i g s ’ i i , , , ’ . ‘o i l  ‘,

~1I t ’ i i t i i t i i (  . i t i i  St  t ’ , i s i ~ t i t  .1 ( 0  I i ’ I f l l ’ ( ’ i  . 1 ( 1 1 1 . ’ 0 1  1 1 i i i i , ’ . I  • ‘ m i  I I I . l t t s l m (  . Iii. ’ i t l \  h mi t t immi

s i t  htvs t tt sgt ’mi at  omit I 1 t i x  s ’t ’’ .s ’ t  i~~’d . 11 I l i i ’ 1. ’ . m l  1 , 1 1  , ‘I  I I i  t ’ ’ .~~~, ’ , t mtis ’i i

c O t  t t ’ t m p o i l ~it ’~l 1 0 .1 11 , 11 1 i i i  ~ l 0 0 1 1 1  0 .0 0 . I 1 ‘‘I  I l i i  i I .‘t a I I I I  i ’ . i i i  e .0

I t o t t .  I i i  ( l i t ’  m a m i g o  .0 0 . . ’ ’ I . ’ I ( . .t  t • ‘t  I i v , t m  . . s t i m • t h i s ’ l’ . i I t  i t  p m  s ’ . i . i i i 0

ot % ivdt og t ’ i i  at omit  .l~ ’, i t ’ , ine . I  ‘I I i i t ’ . i i  ‘. , bt ’( W s ’ t ’ i l  1 t o  .‘ . t.’.l (  I ‘, , I I i , ’ I l , ’ws ’ I

.i i’i’ l (eel C e ’ ( Iii ’ umm t~ - i  , ‘is’ i v s ’ it  l s , h ; i g o  .1 .1 t l o t  • m a i m ’ . ’ ( l i t ’  a t  , ‘m , , ‘ i m * ’ i i t  l i t  I, ’tm

sig n ! I i c a n t  l v , am i d i’s ’ t ots I t s , m I I n  I t i t ~ at  .‘w I t i i ~ .1 i w t  i t t  t ’ I t i ’~l t i ~~ I d I  i .

at  c ’lit • - ot tOt ’t t t  t a t  ( ot t  .Ie. I s ’ , m n e , l  • ‘m \ i  ‘. i t i  1 . I m t  I r a loin ’ I his ’ I , ’ m m ~’ (  Ii .0 l ilt ’ I tit ,t ’,I

st  I I o . s  t t i l i t ’ l ’t i (  t h i s ’ , i (  on d im s  m l  v s i t ’ , I . 1  ‘n ’ ,I ‘ ‘ i i  i i  p 1 i I i i  I In ’ w i t  ii  o h.tmnin ’ t

. I i t  I lie g i n  t’xIlaiisl (’eI

h it ’ tst ’ , t ’t t i l t (‘C ’h i I l h t l t i ( ’ t~~’ I t I . ’ m . i i t  log hivil t , ‘g. ’I l  i t  ou t , , ‘ u t , t ’ u t t  i i i t s ~i t

( ma y o  I aa’,i I I t  m , it  h . ’ut is’ I t  hi Nt~) . t o t  I l it ’ . t lui ’, s t ; t i l  t’ilis ’i i t  , a utis i l l I I’ . ’ I I g i n

i i i ’ ,’ .’ I t ’  t,’, I t l  n I t  11,11 e.l I i i  ( l i t ’ , l i . i m n l ’ t ’ i  s. ’ I h a t  Nm l~ I t out .i I , i u k  , o u l d  l’s ’
met t ’i ed tnt o 1 It t ’ .tpp.ti , t t  t i n ,  l’ht ’ , In ’u m t  I urn I l i t ’ ; ,  t ’ I t s i ’ pi s’,Imm , i’d I’v di ’, iv

oh .i, I l v , i t  s ’tI l INi t  . ps ’ . t in; , i (  t , . ’ h i t l ~~~i 1 t w i t ;  nm~’ii i t , ‘t i ’d hr  , ;  11115 11 ~‘mti ~i i t  I

p L h i ’i I nbc ’ u, Ml ‘) ‘ s ’ i~~Ii w i t  ii Wi i t  t i ’ i t  I l I t t ’i N t ’ . .‘‘~ . t h i s ’  t int  p.’ b i t t  i t ;

clt ~iit ( i ’d by  ( lii ’ , i ’ ’ .~~ , i t  1, .uu .0 I I g u I  s u i t s Is ’ii . ~,‘Ii ts - h i  I n  t i m ~l I ,  i t  t \ t  s i t  ( I t s ’

( ‘tlIi l I i h s’t 0 e ’ O i t S l I t u i l l t  i t ’ll , ‘l  l i i , i i  . ‘g O i i  , l t  , ‘m ’;  I’\ Ni l ), I I  0111 ( lii ’ I 0 1 .  I b i t

i t  • - , i m m  I~i~ s i m o t~ mm ( I i i t i l  I In ’  m i s t  po b i t t  • t h e ’ i d ’ . ’. 1 1 e ’is’ t s t  s ’ e t

-



t iydroge ’n at  01115 (1h
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. i i i c l  t i l t  m s ’ g i ’ m t  ci I t ’ x t i l e ’ t u t u  i t ’l l  I i ’s ~~ NO 
e ’o I ’ I s ’ s l i e i t l t t n

to h it’ i , i t  I t s

it i N )  mh 11 
I

Fl it ’ I’e’Stt i t  ~t c u t  S u c h  .1 1 Ii i l l  i t ’ l l  h i d ! c i t  i ’d .i i i y e l  l c ’g t ’l l  , i t  c li i i  ~ , i l  I h , i I

pi’ t ’ : ; st l rc’ u t  (1 ,011 I i ’ l l ’ t o t ’  .1 1 c i t  . 1 1  I i i ’ c ’ s S t l l ’ e’ u t  I I e ’t ’ t ’ a t  l i i i ’ l l e ’ I i i d l  I i~~i t i ip  I i ’

Lot ’ .it  to u t ,  ‘l ’ lte ’~ c’ t ’ ’n tm I t  , i m e  ( i t  g e m u ’ c l  . l g m t ’ t ’uu m e ’ l t t  w i t  Ii I lii ’ 0.1 ! or I In t ’l I he

tflt’aSt i t’ e’t tle ’lit i’epe i i t  ‘d ,ibo ve ’

in  s t ibse’et t i e ’llt  exil e’ i i  mt ie’n t • mut t m m c ’ t ’  timed i t  l e , i t  I t u t s  I t ’  t h e  I m i ~;. ’,i I I I ,‘ , i

I I I  it’ Sdc ’ I I ~‘ti ~i I  I lii ’ , i i ’ ~ i .i 1 . 1 1 US We ’ I e ’ i i i , i t i t ’  I t ’  I t ’t t i t , i t t t ’ e ’ t il t ’ I i i i ’ I I ‘tni I

~‘t iflC t ’tlt t ’ , t t  I t ’ l l  i l l  it ’,’ c h t ’ ogc ’ll  I t  Oh mS i i i  I li e ’ g u t  S t i ’t ’ ; l t I i  ~i i tc l  ~~~ t o 01 l iii I i t . i t  t ’

t ilt ’ t t ’ , i l t n h ’ d ’ t t  j u t  em ( i t t’  ,‘I l ami ibe ’l c u t  .1 n i l  i e ’c ’ii  ox t i l e ’ sl ice ’ Ii ’s I I i , m t  ; i I ) l n l u ’ i ’I l t  l v

is  l’ e’.it ’ t  i v e ’i  V sp ut  t t ’i’ e’ t l c u t  I oI  I l i i ’ n i l  i s , i  w a l  I i i i  t lie ’ d i s c ’ I i a i ’ go i’eg i c ’ i t .

h~h ue ~ at  c liii ~y e ’ti e’ i . m t  t c ~ii 1 , 1 1 t ’ I i i  i ’u h t a uc ’e’d by ( l i t ’ add i t  I t ’ll 01 .1  su i i . i l  I

am ount  e l I w . u I  c i  V . i p o t ’  t o  I i t t ’ t i v , i  I c l g e ’t t s l l p (i  ta n I  I’ e ’an i . :~ ! t I i e n m g i t  t h e ’

mt’u’iian t s tt t  ,u  I t ’i i i ~~t i i c ’ e ’mii t ’ t i (  I s  h u t  t ’ st  ,i i i  I I t i i i e ’uI , ( l ie ’ I i , s i i u t  111( 11 ’ i t , i n  bt ’e ’t t
by many I n Ve ’S t I gal c u r s .  ‘ I t ’  h i t ’ t ’ve ’l l t  w :it e’ t’  \‘ , l p t ’I ’ t 1 ,1 1mm t ’i i t  O i l  h g  ( i i i ’ t i n t  l i i

e’ii ;ttnbt ’ I ’ ( i t  lit ’ .I I 1 Ii ,l ra t  t i n 5 a h l — i i i ’ i ieh wa t t  I i t c ’ c ’l’ p o r , i t  i’d I n  I l i e ’ I I I t ’ , i

tithe bet wt’eul t h e  d l  nc ’ht a u g e ’ .itid t he ’ t iu t  i t ’ I . i ’ltt ’ I l— b e n d  l i i i ’ t ’ .tttt ’sI I lie’ e l I  ~~
—

Lance ’ bet we’ c’n c l i  ~t ’ Iia t ’gt ’ . i i i c l t t l i e’c I m tte ’it I o I t )  t ilt . I’m ’ t i — b e n d  w.’ts t ’e ’ I i i  ge t’ —

at e~t by nine’ i’s I out  i i i  . i  e l l a  I c ’ i ’— , lOt ’  t s ’it e ’ mim i v t  i i  I i ’ I i ’  e ’~ ’i tde t i s ’ i t u i h t l i c t ’ i i t . l I l s ’ i i t

gas ‘t ’ t l n  l i m i p t i  t ’j t  is ’s i i i  ( l ie ’ I I ow sI  i’ e’a mt i . A it i t u i ig  ( l ie ’ 1 111 1 1 111  ( 1  I c’s t ’~~ii ioVe ’ei by

th  is ttut’ t h o d  we t• e~ t lie n I l  Icot i  ox (~ tt ’ Spec ’ ( en  t i i t c’, I nat  tn~’, In I he’ d l

rt’ g ( c i i i . I I \ ’ c I t ’ elgc ’hl . t t  cl iii  I cisS i i i  t ilt’ 00 Id  i-i t ’ e’( ( c i i i  w. in  m mm l ii ( ium , i 1 , he’e’, ii it-t i ’ (lit’

re ’ctinih ~~~~ (t i lt t’ I [e I t’Ue ’ y c i t  It~’et I ’ oge ’ht eu s ( 1  1cm d b itt I i i  I sli~ s at sui i ia i i th i  I t ’ll I

elt ip( ’m ’ at t i r e s  I n  , t u ’ , ’ ,’i’ct . i i t c e  w i t  It , i m t  , m . ’ I I a’ , i t  I t ’ll ‘ u i i ’ t ’ gv c i t  . i i i e ’t i t  .‘ k c ’ .i I

111(1 1t~ . At 20(1 K , t hit ’ t . i t  e ’ ol  t ’ ~’~itiih I na t ( c u t tu b  Ii~’eI i’s uge ’t a at  t ’iimtt  on I t tSt ’eI

s i t  lea Is tilt I v  ,‘in ’ — I I I  I i i  I t  s V.1  11 1 1’  . i t  i ’ooiti t e~m i l I i c l ’a t  i i  i’c • 
~‘ I” oi  g . i n~ ’t t

itt her I han It v d t - e ’gt ’ l t  , t lit ’ V — t uh e’ I 1 . 1 1 ’  ts’ . i t t  h o t  t tS t ’tl . I ’ Itm ’ cli i-i c ’I ta  m g i ’ was

1 oc ,it  eel In  ,i ~~ ,~ I ht  s t  I I ~‘a t u u h i i ’  . i I’I’ l o x  I nia 1 o l v  I t )  0111 u 1lSt I’e ’.uiil  I i’ o imi I lii ’

lot’at [til l ot  ( I t t ’ i t . i i I l t ~ h e
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Samples of Type’ 4 340 st ye ’ I we’r e’ expose’ tI t o  at ~uii t i~’ t ree radicals in

this apparatus for var  fo cus  per (OtI S ol I (me’ and ,it var  Ions t eniperat ur t’s

The stee l spec’ imens were 4 . 4 — e ’t t i by I) .  32 — e ’nm st r i ps t’ei t  I toni 0. 1 cm shce’ t

that had been ro 1 led I rem 0. Ci 1~ cm— E l i t e  k l it  t i e ’  t s t empt’ reel t o  Rot ’ kwe 11

C 40 hardness . ‘i’he spec ’ I nmt’ n s we’ re ’ ~‘o 11 sh ed , I lieu ihtotuhl t t’ei i i i  .1 I ( X I  t i l t ’

that permitted them t o  he’ hea t ed  liv passage’ c u t  au mc t’ur ren t  (up to  40 A t

and that  held them in lbs.’ chamber so I lie’ ‘ei i t  e’r re’g Ion c i t  this ,’ spec (mcii

intercepted the gas stream I ron t ime ’ s i l t  c’;i t nb c at a cii stanc e’ ol approx I—

mate ly 10 cm f rem t he  atom source I, 30 cm w i t  Ii t h e  U — t  uhe’ t r ap )  .

temperature of the  spee linen was m on t  teire ’ti by an I r c in — e ’e,nst ant  an t iie rmo—

couple spot—wt’ Ided to  Its hack s I tie midw ay between (lie’ end . A I — t ’iti

region In the  cen t e r  oh the spet’ (men Ii ;ud a t iu i  ( I c 1 cm t t’itipe’ i’at n i t ’ , .1 I “ “ u, )

when the spec’ linen was hea ted  te l 900’ C. At t h e  end ol’ ( lit’ exposure  pe’r h i d

the microwave discharge ’  was ext  In gu I shed , and t he spec ’ (men was a h i  clWt ’ ei

to cool in the ambient , un d issee’ I ated gas. ‘Ills,’ e’hautthei’ was I hen h a c k —

f i l l e d  w i th  a i r , and the  specimen was t’t ’moved f o r  e ’xamlna t  ion by v a t  i e iUs

phy sical and chenit ca 1 t e ch n i q u e s .

S
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3 . RESIII . ’FS ANI ) I) I SCt lSS ION

Interac t ion of 4 340 S te e l  w i t  it N c m i i t ’x e  i t  c’d (
~~iSt ’S

Hel ium

l’he mec’Iuun I t ’d I prtipe ’ r I tc ’~~ c u t  st  t’ c’ I e lt ’j te t ic i  hie ’av 1 1 y on p rev ions h eat

t reatnuent . ‘i’hc Ut lre ’ac’ I s,’d 51 e’e’ I spec ’ I incus h ut ch  ,i tim rulnesum 4 10 _m 60 VPII N *

(R 52) ,t and the  u n i t ’ rest tu c ’ t cirt ’ was t hat ot  I e’nipe’ red mart ens i t t ’  (Set ’

Figure 2) . Spec linens I real  e’d ( i i  itt’ I i  urn at inosp lic’ i c  w i l l  j u t1 t e a t  t’ I lie’

effects oh heat treat ment iii th i s. ’ u ibmme ’uc ’e’ ol mmiv clue ’ni ( c m i  ( u t  e’ i d e ’ I I dil iH

A two—hour I rea l  ment In he’ I (urn at  400” C d I d  h u t  e’ t ) l iS (tie’ i .tb 1 v c ’ tu .uui g e’

ei the r the hardness or t he’ ni c ’ r ost  reu t ’ lu r e  c t  ( l i t ’  spin ’ iin e’u is . S iuec  i tnt ’iis

heated at 600° C , f o r  two  hours  In his, ’ 1 tu rn  were’ Si l l  I t ’Us,’cI • I . t’ . • I lie ’

hardness decreased t ci  285 VPH N ( R 28 1.  However , In 11w sp ec ’ Incu s hea ted

to 900°C In hel ium for  two hen i s  and subsequent  Iv  c ot ’ It ’d to  room I euupe’ r . i—

ture , the hardness increased t o  550 VP IIN (R ‘ .! ‘u , and (lit’ n i l e ’ t ’e i st  i’ l i  ( ( h i t ’

was that of f ine martens  it e . Tb is r e su l t  Is elite ’ Ii ’ heat lug l iii ’ spec ’ I iiit ’it

above the austenizing temperature fol he we d (iv r ap  Id qut ’ui e ’l t i n g  ~~ $ “ ( ‘

sec ’) to form martens ite. Table’ 1 s u m mar I z e ’ s  t h e  e t h s , ’c’t s  c i t  hiu ’ ,it

t reatment , and Figure 3 I l l u s t r a t e s  the  r n t e’r eist rut ’ t ut’ e’ e’ht ~u iag e ’ s .

~y~rogen

Because molecular  hydrogen colist i tu t es  I lie hil k oh n i le  rowave cxc I t  e’tI

gas , experiments with tindis soc fated hy drogen wet’e p e r f e rnued t o  t hc ’te’ r uhl t l i t ’

the effect of molecular hy drogen on the steel. As w i t h  h e ’ l t un i , at 400 ” C ‘

no significant changes were observed (see Table 2 1 . When t he’ spe’cimens

were exposed at 600°C for two hours , the hardne ss was r edue ’ed t o  2tu 0 VPH N

*Vicker s Pyramid hardness number.
t Rockwell C hardness number converted from VPHN .

9
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T~ h 1t ’ I

EFFECT OF HEA1’IN&: ANt i t’OOI, I N C A ~. 341) St EEl .  S’l ’Ri 1’

Tempera ture ’  ‘l’ t nie’ Hardness  F lt cr o st  m e t  cure

- — ~~°C,’) _ — - - t, M t t i ’) 
- - 

,,,VPIIN ’) Micros ti ’ucturc ’

Us rea ’  ted (1 420 Tempt ’ re’ci mart ens itt ’

400 120 42 0 Tempered n i a r t e’t t s i te’

600 120 u t) 1) l’e’mpei’ t’cl m a r t  ens i t  e’

t .~o ‘1.10 I” tn t ’ m a r t  e’ns It  e

a200_g load ~ VPHN : V ( eke ’ i s  l’v u ’aun (ci h,t i’tIne’~ s numbs.’ r
bCoeul  ing rat~ ’ 8° C 5 cc ’

11
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t a b l e  2

EFFEC1’ OF’ I I E A I ’ i s u , .
~ 3.~0 I N MOi I-’ i, ’l ’l,A R I1IDROC EN

Temperature Time Uardnes s m Carbon ( ‘out  cu t h
( M i i i ) (Vi’h lN ~ M i c ’r ost  r e u c t  c u r e  (WI ’. ’)

Unreac ted  0 4 20  ‘l’cntpcrcd n ia r t en s i t c  0 .4

400 120 4 21i i’e’mpe reel m a r t  ens i t t ’

600 12() 2t ,()  l’cmpt’re’ch marts.’nsitc N M

900 32 0  SQO F l u t e  m a r t  ens I t t ’ N M

900 420  S~~0 ( ‘c ’, i F S e ’ m a r t  ens i t t ’ 0 .3

a200_g load .
bChemic~il ana ly se’s p er t  ormccl h1\’ Mt’t a 1 l ur g  1cm 1 h , .t b c ira t  dir  ics  , inc .

1142 Howard Str eet  , San Fr anc ’ i Sc ’ c’, c ’,u i l l  e’rui  h . t
CNOI measured.

1 4  

- —-—-— - - --
~~~

--
~~— - --— - - - _ _ _ _ _ _ _



(R 24) . At 90t) “ C ant I a t  I c r  scvs.’ti h our s  c’ t c’xp c is u t’c’ to ltvci rogdn gas at

I to r r p ressure  the spec incus showed no si gn if Ic  ant ~‘lian~ e In c arhon

content  and had a hardness  va inc ci  about  5Q5 \ ‘i ’lIN t, R S5 ’i . ‘h ’h ie st ’ reset ! Is

are ye cv s [ml I at’ t o  t hi~ se’ ob t a (ned ic’ I t  hi he 1 ( t u tu

The absence ci t  ~l ’~’a rhu r  I Z .11 ion unt ie’ r our e’xp e ’ r Imcti  t a t  con~l i t  ( ti l ls  at

900” C i s  not sut’ p t .is l u g .  ‘l’ ct rk~hogc’n and Macton 1k ‘
~ have ( l i v e ’s I c~at c’d t ilt ’

d e c a r b ur iz a t  itiui o h  p Ia in cm t’hon s t  en ’ Is  t t ’ ottm 80() “ t.’ Ic ’  1 i4t )  “ C in  hvci rogen

atmosphere’ . They conc [tided th a t  t lit ’ ~ int ’t I c ’S were ’ ~‘ont r o i l e d  b~’ t h e’

sti r f ace ’  chemica l  mea t ’ t ion anti I h a t  t i l e ’ ra I t ’ oI cccl ton was pr opot ’t i on ,u I

to p~~ ~ . Front (h i t ’  t’xt  r . tpo 1 ml ion c ’t ( lie ir ~i , i t  ,i , we ’ e’St i i u , i t  c’ I h i a t  W i t  Ii

1. t err pressure’ of hy dr ogen an t’xpoSlu re’ c 1 I ~ bc ’ti 1 .01) 1) hoci i-s We ’ll I d  be

requi red  to reduct’ t lie’ c’d i’bou c’ont cu l t 0 1  .i 0. ..“. ca m’lio~ St ye’ I by 0 ,0  ‘1’~.

I n t e r a c t  ion oh ’ 4 44 0 St ci,’! W i t h  ( .lst ’ c ’thS 1 1 c c ’ E .u t l  ( c ’ , i  i s

A mild c l i ’  p o r t  ion ci t  our  i uves t I c~, u t  ( c l ii  wdS dt ’vc ’t ccl t o st udv Lu g I lls. ’

e f l e e ’ t of h y drogen atoms on s te e l  bt’c’,i ust ’ t lie rmd 1~h\ ’u , lun1c ’ 0.1 I t ’ll I , i t  i O i l s

m d  Ic at eel t ha t  , in  t hi,’ p rope’ I l  an t  g~ u s tim ix  I n  cc’ , h i t c h  t ’ c ’gt ’ii , i t  01115 W c ’tl Id  lit ’

the most mhui id an t t r t ’t’ ca d t c ’ . ul  . Wc ’ 0.11 cit 1 .u t  ccl t h a t  iii I lie ’ c’omheis t ion

gas f r om  prope l 1 ant  1 MR ‘~ 1 ~)5 
• hivch r~’~ c’n .41 01115 cc lns t i t  l i l t ’ d t c w  I t’hi t  u s  01

a pe rcen t  o I t’qu i i  lb r ( nut c~,Is , and t ile 1 c it  .11 p r t ’sstl t’e ot  iivci t’ogd’ti at  c’ms

could e’xct ’ed one at mdls phl e c’s.’ t o t ’ a t et ~i I p i ’esstu I ’ t ’ t~f ‘10 .001) psi iii a gun

barrel.

Wlie’ti iivdrogs.’n atoms impinge’ on ,t 531e’c’ ( men , about 10’ ,. I c ’  2 0 ,  c ’t I lit’

at ems recombine on t he stir f a c e  , i i  be’ ra t  I ng a I a rge’ antotun 1 01

heat ~ (104 kcal  me 1e . i’hi Is t’ec’omub 1 11,11 i t ’ll I ie ’at t.’ , iS  t o t i nci t o  be 3

of t lie e l e c t  r i ca  I Pc~We t’ ~~~ 1 (cci I 0 t l t t ’  spt ’c ’ imt ’ul at Q00” t ’ W iic’u ( lie

elect t’ t e a l  cu rr cu i t  Was not t ’eduie ’e’d • I lit’ t e’mpt ’ t’ . it  tl t ’t’ c’ I I hit ’ spec itli t ’ti

increased b y 65” C.

T~ h l e’ 3 snuirnar ( ‘ es  t h e’ t’t’Sti I t s  01 ( lIt ’ c ’ I t cc ’ t s o t l i v sh  i’c’ge ’n , t t  omits

on st e’e 1 . At 400 ” C , t lie c t  t e’e c’ t h ivd i’ ci t~e’ui ,i I outs ,t 1 low p i’d’s 5 t h  Ft ’ c’ui

steel  seems to hi,’ neglig ible ’, ,in~1 t his.’ St e’e 1 spec [men ~h i c ’wt ’d no chang e’
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t t’dp pt’~I I I I  ~‘\ I ~
‘ r o t  o I C , t i , ’ I 01 ~~~ I i on  01 S t I c ’ti  ‘c C  Co w i t  li l i i  g h i p t ’ t ’ S St i  I 0

itycl t’ c ’~~~c’il  gas ~ ‘ tiSIS t ’ c ’ e ’ i l  I c’3’O i t  c,,t , ‘c t I t i , ttt t ’ I ~~~~~~~~ 1 11 S U s h i  ‘,~\ b  c i  O’s c ’ 1 siS
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.111.1 1 v St ’s

.\ I 9(1(1 ‘ k ’ , i~ 1 I ~l, ’ , l c I ~~~t o l i i I ~~’ 1’h,u ~~e ’ I i ’ c~ i t ’ll • cle ’ s’ . t I  h u t  I .‘ .ct i~ ’ii t ’\ t iv5 tc ’ 5’gt ’ii

.ht  ems t.’, i s  l’ ,h~’ i d .  ‘t O  s t i , ’i,’ i i  i c i t ’  I c  ‘ • I t O ’  5 ’ . u m t ’, ’c ’, c ’ c ’i it  t ’mi t  01 t hi t ’ c i p c ’ c ’ l~~’~~ ’l1

ch t ’t ’ I ’ e’ . iSe ’C st ihs t , u l i l  Lu l l ’ c  c, i t  hi C I ’ , : ’ ,’ 01 t ’\l’ c ’’, t l !  ~ t ,‘ hi , l i  s ’~~~c ’’,i ,i I t i ’i’ iO tci i n u t  os
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, , ‘C cc c o t  i ’S • I hi ’ c ’ .t!’l ’ c ’t i c O l t1  ( ‘ l i t  i l . t c i  Jo , ’ t ( ‘. 1 S t ’ ,1 1 0

, t p i ’ t ’ s ’ X i f l I . l t  e’ l v  0 .0”  . I ( ~ i i t c ’ t  c ’l i , h I  c U l c ’ ci O c ’S c ’ I  I l i t ’ O~~ c ’ c ’ i ’ , ’ l c ’ \ i l t  c l i ’ s I

monet ou t  c ’ ,l I l v  w i t h  e ’\ t ’ s ’s c t  t 0 t i c . i ’li ’ l i t  s~t i i i , i i ’~1ti t ’S5 V , i  i t o ’ o l I t i e ’

S’i t’,,’ iIV,t’fl t’l’t p c ’Se ’ ct 1 0 li~’~l t c ’ C i ’il , it  c ’ ’, l iS 1 01’ 10 c c i  t i n t  ( ‘5 W. t i t  cl u e ’ I 0 ‘~, L I I t ’ l iS  i t  e’

I oi’m ,it ic”n.  l ilt ’ Ii I t i c ’ 1.1 I i t s ’ ( i i i  c 01 1 lit~ 5i’e ’ e’ i ‘It ’ll t ’ \ ‘~‘c ’U c ’ ci 1 0 ‘t’t \ C i  s ’oeii  .11

le t’ t ’ti e ’ lieu t’ co n s 1s t  eni o l  .h cc I I c c i  c ’ 01 1 .‘ 1 1’ i t  0 .lIicl ‘ 1 , 1 1  1 c ’ i i i i  I t  0 .  \t  t ilt ’
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Vht e’ ,uiie’umit ot c,’ ,t ii ~t0i Ie ’i~lc ’’,’ t ’cI I i c ’tti .5  0~~~t ’~~’ imnen i t  9 1(l’ ’ i ’ l i i  t hi ’ pi i ’ l . t ’ n c ’ , ’

ei t  Iiy cIt’ ei~ t’ui ci t  c ’It iS i s  h i l c ~ i ( i ’ d hi I I  ‘ h I m  0 7 , 4 c ;  , i  I un i t b i t  c ’I t I l l ’ i c d l i l , t l  I ’

t’ti cit t i l  ( lie’ t’ I”,j ’ t ’ S t t i  i ’ I i t it i ’ . .\ I im it ’,u i m i ’I ,l t l c ’ i t c ’ h i t p was cilit ,uhui e ’ cl .

(hit’ ge ’e ime ’t i v c ’ I I lie’ ci ~~i ’ c ’ I icc , ’ c t c c  h I t  l ’i  h I l t  • I I i i  ~t S d i l U t  I 0 m c ’ c ’t e I I h Ut ’ I o h  a -
I I t i l i M h i  i 1i Intl t ~‘,tI ~‘cc t ha t c h o , ’a i l ’ si  I I , ’ I I  t c ’mi  i,’ , i o  c ’ , ’ I i t  ol  I t ’d liv d I t  l u s t  en

tlit’ougli t lit’ ot ’i  I d .  l i i i  I us h c ’t t  t lii cmg lu ,i i , c  I’.’t u ii ~h ci i \ ‘ I . iv i ’ u  c ’! c ’t lieu

~‘IiSiO ’tt0 (I tIlii ~~e ii’t I ’ i c ’d ’ ( ‘ 11 0 4 ’S c ’ c ’II l~ t m ic ’t ,lc ’ c ’ c ’ti t i t I , ‘i  t lie ’ ~‘I ’cci’m t’ c’ cI 1 I to. ’

d&’pe’uis.ie’ni’i’ c~ I ( l ie ’ t i l t ’ I te im i. l’lit ’m i ’ l I e ’ ( Wi ’ i ’l  00 i ’ I ’ c I i t ’ N whi ’~ c’ m s t  c’s ~‘oui I ~l

te l l low (hit’ t’bsi’ i’vi’ ,l 1 t in. ’ t le ’i i i ’ m l t l e i i e ’ i ’ ~u i i ~ h i i i ’ u i t ’ e’ c ’ c ’u Id lii ’ (lit ’ t a t e

e’c’cflt i ol h u g :

11 11 1 1 1 0 1  c i m i  c i t  c ’ tit ’ li c ’li I lii c ’lnhI l I It e’ c t t t ’i ’ I I~ ’ ( i t t ’ l i l t  I I a c t ’

1 1 11 1 5 1 5 1  ~‘m u c ’i l i v c l  t c ’i~oit ( m i t , ’ 1 ii.’ c cli ’.’ I

‘F lit ’ ( l i t  I sot L ’ii ~‘t  l i v c l  t c ’,~c ’Ii I n  N I  i ’.’ I h o  m ip I ~I I l l  — 
~ Id c ’I It~

— l c i t  h u l l  ‘ u ’ ‘I . I’ m t ’c ’ t ’NS (‘ 1  i s  ( d ~~ 4 ’ I ,u ~’ Id  C c ’ ,i c ’ c ’c iti l tt I c ,i C lie ’ e’Iise’ I it ’d

el&’ c’ c i i ’h i eu i ’  I i’ c u t  ion r a t  i’s. MOI , ‘~ ‘u’o r  , I c ’t I ’ m ~o’ i ’scc ~ ,‘ 1 
~i ii i ’ V ( a b l e , IIti ’t hi ’,IIli~

pi’cic hsi ~’e~I w I t  I i i  ii ( lie ’ N~ic ’e 1 111011 t i l i I l t t  ~I i t  I its i ’ I Iii’ c ’sighi c m  s~’I ~ cc ~‘ c t  be’ t i’~4l’ii .’dl

iii vc ’ I 51s I i i  ( lie’ spot ’ im.’ui . N~ ’ ssut ’ ii c i  a, ’h c c c ’i  ‘ c c~~i clcc wet  o c’Ii~ii ’t ~‘i’d i i i  c ’ l u i

S~~t’e’ t ui i e’ui~~ a l I t ’ i ( li t’  l i ’as ’ 1 ( t ilt . I I lilt’ I l i t i t i e ’ Cs’~lO I I ,i 1i~~e’ sl j ’,i 111 i t ’ l Ot ’ , ’ I ci 0 1

sina i I t e ’ li e’ c’bse’i’t’e’cl , I t  Wc ’ii 1,1 h I l t ’ i ’e’ i ’u i h u u c ~ 1 i i , l t ’,I l i i  C ~ti ’ ~i ’, i , i I \‘ ‘; e’s I c ’t
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I 0 .1 g a I t  till iiilitlt c ’ c~ I l p l i .  l’hit ’ ol cvi ’ 1, 4 c c  h i i ” , i t  i ’d , cin ch (hit ’ i ’V c ’ h i’ ” ,l c~, i I i i ’ li
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‘ l’hit ,’ quaui t i t  v ot ’ too t licinc eve tvt ’d was not itui,’astu re’d be’c’ci ii se’  I li e ’ t u p p c u  ra t  i t s

was net t’qu ipped I or ci quc ’iiut it ci t  I ye clot e’ t Ill ii ict I I on.

‘l’huuis , d i t ’ I US I c) il c i t  cci then I r ent bet 1k I ci ( lit ’ s i u t ’I  ac t’ , appe ’cu i’s t t i he’

u t i l e ’ t,’Oi it  I’d I i  t u g .  ‘I ’h ie cl i, f l i t s  lou ccii ’ I I I c ’ t o u t ot ’ e ’ c t i ’bon ~ l i i  m u s t  e’ui I t o

cit 900 ~~ iN 1 x 10 ‘ t ’lii~ 5c~c,~~ l 
. l1t,’i’tl ~iSt’  t iii ’ S~ie’c’ lmtioi i s  l i i  c i i i  I’ St Ucly We ’r e

1) . 1 cult t h u  I e’k , I hi t ’ v e ’e’ii Id i tO t lie’ c ’di i t  side  FOcI as seth I — Iii  tin I t o  c-c o I Id  s lot’

t he’ pit rpe iso elf  e’st I ll icit iu ig t he’ t i l l  h i t s  I tin rc i t o  ~‘I cci u’h on I rom hm i  1k 1 o t h it ’

s t t r t  ac’c . ‘rh ie I t ans It ion I’ t’eimti I lie’ scm I — in I in i t t ’  s I  cub lil c id h e’ I C i i  ( h it ’  C l i i  ii

t ab  nieielc 1 ei i’e’iIr s when the’ t h u  li’knt ’ss ~ (t liin s lab ) ~ 1. 2  I)t ~~ I t Se’m I —

In I In i t t’  si cub . The’ t h i  In si cib ;ipprox iullcl t I em is  i t t  I Id W h l e ’ii C l it ’ ( ‘ x p t l s I u  r e ’

t line’ t is gr eat ot ’ t ban title’ h o o t ’ , as W it s  I lie’ oct50 LU ulle i St d i i  iOu ’

e’xpe ’t ’ h u i i t ’u i t s .

‘I’lw cimonilt 01 cm rlion d i i’ [us lug out of a t h u  In si till .50 ci I iifl c’t IOU oh

Ime Is gIv t ’uu  hi’ ( hu e h i 1  I e iw l u i g  e ’q e uc ut  lei ii

Q 

= I 
~ o ~2tu f i  ~~~ ~ 

OXh i —11 12 11 ~ ~ 2

who l’c’ Q ainoeiui t ci t  e ’tl i’li eiU clii I use’d c u l t  or C I time’ I

Q ~ 
max I itill i tl cill telluui t t hi m t c’ au be’ e xt  F;it ’ I e’d

P = chi t I its I c i i i  c ’ c ’e’ f t  I c ’ i t ’ll C c i t  c i i  m ’he in i i i  s t i ’ e’ 1 cu t  9(11) ” C .

As stu n t l u g  a I i  I, hue ’ e ’au’bt mi i I i i  st e’e’ I e ’ a ui be’ u ’ e’nt ,iv e’d In  l i i i  i t i  i t t ’  ( I lilt’ • we’ c u  I —

c’tl 1 at e’cl t lie amount c i t  cioe ’cl rh t i  r I z c it  I on tis a I h u e ’ t Ic i i i  i i i  e’ \ i~ d ’o l I  i t ’ I I tIle’

‘i’hc’ re ’siu i t  s eu ’ the ’  cci lou h i t  (ot t  t in t ’  sh own iii I” I glt i ’ e’ 7 . VI ~~ e’x C l’OUIi’ l v

I ’d i O d h  cu gr e’ e’me’uit he’ I We’emi t h e ’ c ’ , t  I cu I c u t  I till anti (hu t ’ obs~ t ’vc ’cl \‘ , t  l i l t ’ S p I ’d ’’,’ I tic’ s

St t’eu tu g t’v I denc ’~ t h a t  t h e  r ome ’ I ton r at  e Is gc ’vc ’ r u ed liv t in  I w , u  Ed c ’ .i r h i i ui i

t i l l  I u s  (c i i i  l i i  t h e ’ s too l (Proc ’t’ss 1

I t  Is c i t  t n t e ’i’ e’~~( t o  t’cinlrctst l i i i ’ k i n e t  i t ’S ( I t  i, he ’ e ’ c t i ’ b m u i  i , ’ c i t  i c ’mu c i t

si i ’d’ I iii gtts t ’ c u i i s  c u t  cliii [C liVe1 m’tug e’n w i t  hi t ileli ’t e’ I’ t ’pdi F t  O tt  I ci i ’  ga St’t itiS lil t ’ 1 t ’ e ’iS  I i t ’

‘4 I’.liV et t cO’h e ’li . ‘ F ii i ’  tile’ le,’cIl lam’ I l V c l  rcu ge ’uu I lie’ u’ c l t  V i i i  ele ’i’:i rhsu  i ’ m t c ; l t  I iu uu w.is

- )  u



found to  depend on t hu e I / 2 powe’ r oh ’ the  luyd rogon p u ’essu m’o • w h i t  cii siugges t i’d

the l cm i t owit ig  rocict  ion sequtence:

3 / 2  hI ’~ ( g)  ‘ 311 (cuds)

III ( a d s )  + C ( sn  r face  ‘
‘ CII (ads )

Cu 2 (~ut l s )  + hi ( ads)  • CII, . (g a s) .

‘liii’ se’cond re ’cic t [on is p  rc ’sunuci b lv  [ lie’ ra te ’  l i t t u l l  i i i  s~ st e’p . Wlte’n cut (1111 I d ’

hy drogen Is s u p p l i e d  to  t h e  s u r f a c e , the ’ c’eu ne’e’ui t r a t  (ci i i  c i t  adsorbed ci t  elU Ic

hivd t’ogcn Is imi c teased ; the’ role ro the’ r a te  of I lie’ St’ d’oul d I rt ’,u 01 Ion i s

tile ’ r easee i  . Iii par t  lout  1 cur , we’ ca l cul ci te  I rem l iii’ reset i t s  oh Re I t ’  Fe’Iuc ’e’ 9

t h a t  f o r  ito b eet E a r  hvci roge’n undo r ( lie’ conch I t ’ ioiis c i t  dliii ’ t’xpe’ r I men I S

( 900 ” C , 1 t or r  lI~ . 0. 4 7 C  Iii steel  ) t h tml  the ’ r cu t V ~i I o c t  rhe in I’ e’flleiV~i I w c i e u 1, 1

he’ S x 10 . t’ni~ ~ st’c’ — 
. ThI s  rc i I e won Id be’ 1cm smci I I  C o cuhi~ e’ i’ve , i i i

agr eemne ’u lt wi t  Ii our cmbs ervat tout s t h a t  mol ecu I am’ h uyd roge’n cit low l ) r o s s u u m ’e’s

d tel not de ’carh t t r  ize (lie steel . Iii our  e’xpe r I moot s w i t  I i  . i t o t n u i ’ hvcl u ’ci ge ’u i

the  t a t e ’ of ccirbc in rL ’uluOVzi 1 dee’ r ecise’ eI w ith i  ( (mc’ . The’ slio u’t c’s t t ( m I te ’  I c i i ’

w h i l e ’ Ii we hu c ive dat  a is 30 in i t t . At t h a t  t tmt ’ t hit ’ r ci Ic ’ c i t  i ’ d i’ h , c iui l’L’i t i ( iV tl  I

was 2 x g cm se’c — , i . e .  , about I l ye’ circle rs c i t  int igi u i t  et ele ’ I c i st  e’ u ’ .

I i  t he ’  3 / 2  pelwer de’p c’mu eicn e’e’ cit  rc t t  c on hy d re igeul P t’e’Ssti to I s  i’ .i 1 1 t h  , W i ’

es( (mate ’  t h at  ci p ressure’ of 5 d liii 01 mci i ecu I at’ h iy cl r iu ge t u weSt 1 cl lie ’

re ’qeu I r eel ( c i  prod uce t h e ’ de’c’ ct r he ur  I zc u t  ton rcu It ’ euh st ’ rvt ’tl w i t  hi cut  t u n i c ’

hveh roge ’n . S I n c~’ t lie’ I’ a t e’ cit t (t oe’s snia i i i ’  t’ I luau 30 m l  l i t t l e ’ s  wc u s pro siitt icilu I ~‘
1 ct m ’gt ’ r , I hi t’ e I’ fe et  (ye  11 2 pre’ sset re’ was c i i  sd p t’e’suit utthu I y 1 . u  I c e  F I h m u u  C hit ’

cml  c’euia lee l  va l su e ’.

‘I’Iw rn ioehynam 1oct 11 v , I hue pres st t  re’ c u t  mci i t ’cu I cut’  hyt l  i’ogt’n t h a t  W d u iu Id  lit ’

In e’q tu t  I lli t ’ium w I t h  0. 1 t or r  el hydrogen citc u t ns cut 12(R) K eaii he’ .‘a i t ’ll 1 , i t  e’ dl

f rom opt I I  flit tu rn  dat  a 1 
~ t o he I0~ at m .  The’ re fore  t hue ’ hyel i’u u gt ’ul  , l h it l t

pr os set re’ was eq eu I Va I emit te l  tnuc ii hi ighe I’ p t’e’ssei Ft’ s O h ’ tt ie i 1 ‘t ’i l  1 ci i’ huve h  i’ i ’ g e ’ui

I l i m it  ( l ie ’  5 cit ill t’e’qu (r ed t e l  ctcc c ieuu t  [ d r  the’ ci bse’rve’d clt’e’a their  I .~cit  I c u l t  i ’ , u t  e ’

I t  I s  lu te ’  rest  tug I 0 e’Ofl lpdire ’ I h ose rt ’su i t  s w i t  lu ( lie’ Fet i e ’ I i Ot i S  i l l

hy d re u gen w ( t h u  gr c ip hu I t o .  ‘l’hie toi let  I ciii rate ’ of c i t  eun t c ’ hivel u ’ c u t ~t ’ut w I  t h u

g raph  I t o  re’cic’he’s ci mcix (mourn vci  I tic’ c i t  cihici ~t C, 500 ” C , t lien ci m’eps & i t  I t’ctp (ci i v
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as the temperature of t h e sell id Is 1nc reased .~~ ‘Fl its is lii c o n t r c u st  t o

the present study tt~ wh ich the ra te  of deca rhu r izat ion  of s teel  iue’reases

wi th  t empera tu re . The di f t ’er euic ’c’ between the k in d  t o  behavior  cu t  the

atomic h y d r o g e n — g r a ph i t e  system and t h a t  ot  t h e  4340 steel apparent  lv

refleccs  the fac t  tha t  at 900° C • the carbon in t h e  s tool  e x I s t  s In sem i Id

solution in the i ron phase . Carbon atoms cit t he? s ur t ’ace’  01 such a phase

evident ly are conside rab ly  more react  IVe ’ t han ccir’bcun atoms hound in a

graphite c r y s t a l  lattice. Support  fo r  t h i s  con ten t ion  is provided b y

recent studies tin the  r ea c t t v t t ~ ’ t u t  carbon ad l ciye’rs on t h e’ s u r f a c e  of

nickel methanation c’ci t a ly s t s .~~~ lii t h o s e ’ exper iments  i t  was demonstra ted

that g raphi tic  carbon is su hs t cum t  i a l l~’ less react  lye w i t h  h y d rogen t h a n

carbon bound 1cm the metal  w i th  ca rh it l i c  hout els .

In summary , atomic hydrog eui  de’ c’cur hu r lie’s st ee’ I . ‘Flit ’ r a te ’  c i t  I hu e

process is determined by the ra te  of d i f f u s i o n  of carbon In  au st e ni t e .

The overall  process r es u l t s  in t h e  f o rma t  ion of methane . ‘l’ho p r obab l e’

site of the react ions t h a t  I ornu n iethaut e Is t h e  su r f c t c ’e’ of t h u e’ slot ’ 1.

The observed changes in the mic rostruc tuir e m u d  in the  propert 1~~s of t he ’

steel result from the com bined act ion ol d e c a r h u ri z a t i on  and heat

treatment .

Nitrogen Atoms

The bond ene rgy of the n i t  rogen molecule  ( 2 2 7  kcal  niole~~~) is more

than twice that  of the  h y drogen molecule .  Hence thte  ex ten t  dli  t h e  cl i i i —

sociat ion of nit ro gemt molecu les  by the  microwave discharge ’ Is r at  her

small , 0,5%. Strips of 4340 s tct ’l wore ’ expeused to  t ile pa r t  f a t l y  e l t s —

sociated nitrogen in the same appara tus  used f o r  the ht vd roge’n at cuni s s t u d y

but w i t h o u t  the  I l—tube . Vacuum fusion anal ysis sheiwed t ha t  the  t i l t  r cmgen

content of the specimen tncre asc’cI when t h e  spec imen was exposed to  the

dissociated n i t rogen  fo r  two hours at 900° C. A f t e r  t h i s  m u l t r i d i n g

*The ni t rogen atom ecincent rat ions  d ur i n g  the exp er u n i eu t t s  was t lei t
measured.
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t reatment , the hardness of the  specimen was 730 VPHN tR h 2 )  at the  sum- —

face and the hardness decreased to 670 VPHN (R 59) at a depth of abe m ei t

100 ~ n . No change in hardness was noted below t h e  l00— ~~n depth .

Under s imi la r  cou id it i ons  of exposure but in the absence cii the  m i c ’u’ cu—

wave discharge , the  spec imen  shci~ ed no increase in n i t rogen  c o n ten t  cur

in surface  hardness .  The m i cr o st r eu c t u r e  of all  t u e  specimens exposed

ei ther  to ni t rogen molecules  or dutom s was t h a t  of ma rt en s i te .  The

results of heat ing 4340 s teel  samples in n i t rogen under var ious c’c ind it i c iu i . s

are summarized in Table 4 .  r
Part ial ly  Dissociated Carb on Monoxide and Methane

Pre l imina ry  expe r imen t s  wore conduct ed  w i t h  p a r t i a l ly  d i ssc uc ’iat e ’d

carbonaceous gases. A 101 t ’)  in lie m i x t u r e  was passed t h rough the’ micro-

wave disch arge and was then  ml  l,owed to [nip tn : c’ on tho  st eel spec imuieui ,

which was mainta ined at 900 ” c. A large amount of carbon soot was

deposited throughciut the r e a c t o r .  A f t e r  ci two—hour exposure’, the’ spe ’c i—

men did not show any increase in hardness o the r  than tha t  caused by the

heat treatment alone ’. Carbon ana ly s is  of the specimen a l s cu  ind ica ted

no si g n i f i c a n t  car b u r i z cu t i on .

A 3~, CM,, in lie m i x t u r e  was also passed through the microwave ci is—

charge and al lowed to react  w i t h  t lu e specimen at 900 C C. The amount of

soot formed dur ing  t h i s  process was m euch t s m a l l e r  t h a n  tha t  for m ed w i t h

the 10% CO in the mix tu re , and t h e  soot was conf ined  to  the  discharge

reg ion . A f t e r  a two—hour exposure , the specinien showed s i g n i f i c a n t  car—

bur iz a t  ion . The hardness at the surface  of the spec t iuieii was ext  i’c ’r iol v

high 940 VPHN (R 681 , and the hardness in the i n t e r i o r  of a se ’ct ione’ch

sample ~~700 VPHN , R 60) was also higher than the hardness  In the

specimens heated In h e l i u m .  Ne u bulk analysis  was p e r f or m e d .  N e t a l i c u —

graphic observat ion revealed the presence of t ine m a r t e n sl te ’ .

A s imi l a r  exposure of the samples to  an u n di s s o ci at e d  CM4 In lie’
m i x t u r e  did not r e su l t  in c i i i  inc remse In ha rdness .  The ccir hiu r i c - c u t  ( t I lt
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FIGURE 8 EFFECT OF HYDROGEN AT OM EXPOSURE (or heat in g)
ON C H R O M I U M - P L A T E D  STEEL AT 900 C.
Top f q c n i e’ s th e ’ iiis ph~~ oq~ ~~‘st ’n ~~ct in SEM - B o m t o m

is X — r ,,~ ‘nm ss I c p  ‘m m  the s c t ’ t mc The turci ken
I ’ m  m’~m e ’se ’ i m t s  the em i s s i o n  ~m m m n 1  the’ ,cib ’ , t m i t ,  arid the

, mmL d l ine’ p’ ’c ’ r m t c  the’ ,‘rns ’ siem r m f m 1mni t op ml th e’ i l i n i d s .
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c e ’lrn i i m ~h-~l ( s e t  e S I  ‘, ‘ I  i s  ~ h a t  - c d  i : t t  c m ’ t  e ’c I i n  I lc~ t u i , ’ls i h v t ’ s sue  0 usc’ t  l i , t~~c’
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.1115 t t ’l i - t o  p i i .u ~~e ’

C i t  ‘sit t lu.t:’ g j m ~ -. S t  .m st  ~‘c S t I l l . R c  S I S  ‘,‘ 5r eat  Iv  e’nh u . tu i ~’t,’~l i i i  e h i s —

~io~ 1 , 1 1  c ’ e l ~ ‘t  l i , i i i ’ s - I  i i ’c  h I S  s - S t  h i t  c ’ ‘t~ m , ’c, -s  i i , et  it  e ’ c’ 1 ~- .eei be’ cast ’—
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in n i t r i d in g  Stele 1. The act  ion st  hvd m’ eugen a toms  or ions i t t  nit riding

is not est ab 1 i s he d  . TWO p r ev a l en t  hvpothese’s lur e .’ 1, 1 t Ilt ’ re’clut ’ C i c ’S 01

Sn i t  a O L’ oxides by h uvd ro geu i at  ti tu s • t lute s pros’ Id ii’i g a c 1 e ’ . I t i  su r I . c c t ’ t o  I’

n i t r i d i n g ,  and i,~~ 1 the’ rt’.ictioni ol’ s te e l  w i t h  N H t r e e’ r . u d i ~ ’ , e l s  inx y
n i t  r i d  i m ug st ee I .  in j ’ropc’ I l en t  combust  Ion gases  • t lie’ I O tSUat j O l t  St  su~ li
complex f r ee  r a d ic a l s  is 1 ike iv , and n i t  r i d i n g  01 a gun b a r re l bc ’t’ t ’ sti t’ —

face  by such r a d i c a l s  must  be cont s ide it ’d. l’hie’ “ w h i t e  I .i’,’e rs “ ohs 1’rv e’~I

on the  bore su r t  ace’ have been shown t e ’ ceint  .i in 1 t he’ i ron i i i  t m  i dc ’s i”e’ N
\

acid b’e ,, N .

rhe above’ d i  Sc ’usS  ion is qua l i t  at  Vt ’ because’ 51 t h uc ’ i iu.ih I l i t  v t S

produce at oniic t ret’ t ’ad ica is in a c’ont r o l l  t’d manse’ t’ u t  l i i  ei,ii p I c ’ Sit u I c ’S

:~ iso • t he  conupos i t  i em c u t  fre e  r at! j t ’S ls in p rope i i  cut  c ~‘uuul ’mis t  ion s.ises

is not known t~ i t  Ii ~ ei’t a in t  v . l~t’ h ave’ sh own t h a t  f n~et ’ t ’,e d i t s  I it St  I lit ’
gases t c’s t ed are s tubs  t .un t is l i v  more rest’ t i t t ’ w i t h  gun h u m r re 1 it  ee I ( h i a t t

t u e  I r m o l e c u l a r  count  erparts • even in the  1 in i t  S t  V t ’! V I ow p r e ssu r e’s
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‘4 . i ’ON e,’ l l ’ S l  ONS

On I lie’ ‘Le ,i s t j  S e ’ I Os t’ expel ’  i nt en t  ml  i t ’ Sn i t  S , We’ tiis k~’ t L i e ’ I oil ow i n~
tOu t’ ins  i tu t u s  :

• At ‘~O(l ’ C mud at  ,e p ressure ’  of 0. 1 t or r  hy drogen  a t e ’ l u s t  , ~
s te el  is ~lc’~’ mu ’hur cod rap i d ly  • l’he ch e ’ca rbt i  Ui  t i on  i s

~ t o p s  m t  t o n a l  t o  the ’ SQu a re’ root t ’ f t he  t,’ X f l c ’SU Fe’ I
and lie k i n et  ~ t ’it o l  t ilt ,’ dec-ar b u r  i~ at  ion ar e ’ c e ’S1 i’o h l e , i  by
t h e ’ d i  t fc i s  I~ ’ii 0 1’ c .et’hon t ron len 1k t o  t lie’ slut ’ I , t c c ’ . At t ’OO ‘ C
t lle.’t ’t’ i s-i c’v i d e t i ~’c’ f~’m ’ s t i t ’ t  ace  d~’ca r h c u r i , ’ , i t  ~ c ’fl , bu t  at  cO O C
t h e  1- a I t ’ i s  t 00 5111 .111 I t ’ he obse rve’d tuttle ’ U OI l  I ’ 0 \ i’ t U 1’’  t ’ h h  t . t I
~‘~‘t i d I t  j o i i s

• S i g m i i f  lc ’.ilit .lt’le ’tifl t S SI  n i t  n ’o ge ’t i S i c ’ i t I e ’0 rpt ’u ’~it  esl j Il t t ’ ‘e

St cc ’ I it  r i ps at  “L OO~’ C by t’\pSs ing t h e ’ i t t ’  i p i  t o  e l , i s t e e ’i l i t
t f lt  t l ’5t ’i t I t  01115 .

• l)j s s s o  i . i t  e.’d iit ’ t h u a n e  is e.’I  l e ’ ct  It’ d’ in ~‘l iar g i t i s  ~‘ . e F h ~’u I S l e ’
s t ee l  i t  c il _i0 t

_
~~ , and caused t i l t ’ t e ’ m ’n,t t ion SI  .i ~‘m r b t u r j : ,~ i

lS\’e’t ’ 110.11 t lie s u r f . i~’c’ -

° ~~~~ ~ s u n  o xp e ’ r j tli e’hl t m l  ~ouid i t  i~u ui s I, I t o  I’ I’ p n ’t ’ist i  Fe’ .~ud c lOd -

be c h a n g e ’s p rod ut- ed whe’ii t Ile’ St cc’ 1 spe c i Ule ’ni  s Wt’ to t ’ \pc ,Se’~I I o
Slid I S h O t’ I St  Oct ll\’tI t’ Ogc’i\ , nit rogen • .111th net hiane’ ‘,,t t ’c ’ I ~‘umud t e ’ be’
u ceg i i g i b l e ,

I’he,’ l’t’si,u I t  s e ’! ceu m ’ s t j i ~I v hj ve ’ ~I t ’ u ’ e ’t i ’i  I n s t  Oei t list Se’t’e’r, i I a t  e ’t5 I c  .iIici

f r e e — r a d i ~~j l  spec - c e ’s c i t  t Ilt ’ 5, lSt ’odIS St .1 10 I ’c .lct  i’ . u p t d l \ ’  ‘,~i t hi ~ ~-+O s tee l

t o  produce  pt s’ t~~’u:ud c i i . e t r ~ n ’s I t i  ~~e e s u p ~ e u  i t  ion 01 t h e ’ it  t ’e’ I a t i d  in  ~ t it

m e c h a n i c a l  pro!i e’rt  f e ’S ,  ‘I’hie’ obse rved  e I I e ~‘t  5 lIlt1 t S  t 0 t liSt  t h e ’ e l  I t ’c’ t s

of t r auu s j e st  s~’e.’~’ ic’s iii c_ till l’.CUFe’ I c i t ’S tOS Slit ’S Id  he e ‘flit i d e  t e d  c~ i t  Ii

rt’g.ird t c~ th i ~’ i r i’O l t ’ in i i i  t I e ’e i k i C  i ug l u t e ’ nit t i t  i .11 01 t’l’te ’tl t S I nt S gun

b ar re l sur  ISot ’ I .even ’s thur lug I I r lu ig . T i tu s  s t u d  it ’s I t i l t ’ j u t  t ’ I’ ,le ’t j e s ts

c i t  t ra uus  ie’lit Sp e c’ ic ’s .u n id I rt ’t’ I’ , lc l j 0.115 c’Otit d~ Si lie ’, N ~cn~I C Wc ’ t t  i d  let’

p a r t  i c u l , i r l v  i e i e t ’ ,i nl,
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